This study provides new evidence on the effectiveness of a combined remote sensing and hydrogeological investigation method for deep groundwater development in complex geologic and geomorphologic situations in Ethiopia. The study was undertaken in the Elidar district of the Afar region of Northern Ethiopia. Due to the water availability and vegetation in this district, the majority of the population (total population of 79,000 people and 647,000 head of cattle) are dependent on pastoralist livelihoods. The current ratio of available water supply facilities to number of beneficiaries is 1:2,323 people and 1:19,029 head of cattle. A joint UNICEF-UNESCO groundwater investigation pilot project with the objective of improving drilling success rates in the Elidar district considered a three-phase approach. In phase 1 and 2, an overlay method was developed that combined data from radar, optical remote sensing and ground measurement (geology, hydrogeology, hydrology, hydrometeorology, and geophysics). The overlay model identified the most promising site to undertake well drilling, considering a probability of drilling wells with sufficient amount of water and permissible water quality (defined as Q ¼ >2 L/s and EC < 2,000 μms/cm²). In phase 3, three production boreholes were drilled and the results showed a 92% accuracy against the overlay model.
INTRODUCTION
Ethiopia is renowned for being the 'water tower of Africa' due to the presence of three principal drainage systems feeding the Blue and White Nile, which originate in the Ethiopian central highlands (Arsano & Tamrat ; Teklu et al. ) . Despite this acknowledgement, there are limited data on Ethiopian hydrogeology. Deyassa et al. () state that a comprehensive model that explains the hydrogeological set-up and genesis of basement aquifers in Ethiopia does not exist in the international literature (Cherenet ; Deyassa et al. ) . This is due to the diversity of aquifer systems, which are described in detail in Kebede () . The most widely used map is at a scale of 1:2,000,000 (EIGS , ). The major reason for the limited data relates to the vast landmass, complex geological variations and inaccessibility of lowland areas due to political insecurity. Ayenew et al. () characterized the physiology of Ethiopia as a 'high-altitude volcanic plateau tapering into rift valley and peripheral lowlands' (Ayenew et al. , p. 97) . This is depicted in Figure 1 
MATERIALS AND METHODS
During phase 1, groundwater potential estimates were calculated by overlaying data from radar and optical remote sensing in maps of 1:100,000 scale. In phase 2, all existing information (geology, hydrogeology, hydrology, hydrometeorology, geophysics) were gathered and a base map of 1:250,000 was developed. The overlay model developed based on the findings of phase 1 and 2 studies identified the most promising site to undertake well drilling considering a probability of drilling wells with a sufficient amount of water and permissible water quality (defined as Q ¼ >2 L/s and EC < 2,000 μms/cm²). The study was undertaken in the Elidar woreda (district). Elidar woreda (district) is located in the north-eastern region of Afar. It has an area of approximately 13,119 km 2 , is bounded in the north by Afdera woreda, in the west by Dubti, in the northeast by the international border with Eritrea and in the southeast by Djibouti. To reduce the probability of dry or negative boreholes, this study followed the three phases outlined in Figure 2 . 
Remote sensing data
In phase 1, the groundwater analysis (GwA) methodology developed by Acacia Water was used to develop the groundwater potential maps (Acacia ). The Acacia GwA is designed to give 'an indication of the areas with the highest potential for fresh groundwater occurrence' (Acacia ).
First, data from a range of satellite data sources were compiled. These included from SRTM, MODIS, TRMM,
LANDSAT, AMSR-E, SMOS, RADAR-SAT 2, Google
Earth and Data Phase 1. The specificity of these data was used at varying depths depending on the strength of the satellite imagery. Table 1 compares the penetration data (resolution) from the different satellites, while definitions of remote sensing data sources and platforms are indicated in Table 2 .
Data from these sources were combined with precipitation, evapotranspiration, soil moisture, geology, Elevations vary within the district from 2,000 m above sea level to À272 m below sea level.
Hydrogeology and geology
In phase 2, UNICEF Ethiopia contracted a consortium led by UNESCO and other private consultancy firms to undertake a field hydrogeological study that included a water point inventory, water quality survey, groundwater The data were then combined using an expert judgement overlay method. Reference was made to Malezewski () and Minor et al. () to define the weightings. The study divided the overlay into four main parameters: geology (k), geomorphology, groundwater recharge potential and structural density. The assumptions for each of these factors included:
(1) Geology: General permeability, primary permeability (4) Structure: Secondary permeability along geological structures, generally considered as water bearing. The higher the structural density, the higher the water bearing capacity.
To assign weightings to each of these assumptions, an expert group consultation was held and the following expert judgement weightings were agreed (Table 3) .
Topographical data and geomorphological maps were developed. Results of the hydrogeology and geology maps were presented as 1:100,000 scale maps.
Test drilling
In phase 3, groundwater suitability zones were identified from the remote sensing and the hydrogeology/geology maps. A probability model was then presented. To stress test the model, UNICEF contracted a private drilling company to drill four production boreholes in the high probability zones. An average success rate of 75% was applied to the contract. The contract was awarded to drill the four boreholes selected from the list of most feasible sites identified from a combined study of phase 1 and 2. In the contract, UNICEF agreed to pay for a maximum of three out of the four boreholes (assuming at least a 75% success rate) that are successful in striking water of acceptable quantity and quality as predefined in the con- potential number of abandoned or negative boreholes during the drilling process.
RESULTS
The overlay map produced as a result of this study is outlined in Figure 6 , where weightage was given based on expert judgement for each of these categories.
Using the weightages, the district was divided into four groundwater probability zones (high, medium, low to moderate and low). To further understand the potential required depths for improving drilling success rates in Dobi and Suula, the GWA conceptual model outlined in Figure 5 was produced. Recommended water quality (from GWA) 1,900 μS/cm 1,800 μS/cm 1,000 μS/cm
Actual water quality (after drilling) 7,000 μS/cm 3,000 μS/cm 1,900 μS/cm SWL (m b.g.l) 3 2.5 207
Yield (L/s) 10 3 3.9
Water quality Not acceptable Acceptable Acceptable striking fresh groundwater from the lateral recharge from the highland region, combined with an approximation of borehole depths, can be ascertained.
The D-GWa and the S-GWa model estimates that boreholes will need to be drilled in Suula from 250 m above sea level to 88 m above sea level to ensure a borehole would strike water. The depth in Dobi will need to be from 120 m above sea level to 110 m above sea level to ensure access to a fresh water lens. and water quality data helped to verify results of the first two phase studies and was used as an input to design the water supply system (phase 3).
However, it should be understood that, despite the positive implications of the three-phase approach, the availability of potential groundwater resources does not necessarily coincide with the settlement pattern of people. A phase (4) of the study to combine potential groundwater sites with socio-economic and demographic data should be considered in future studies. This would ensure that the groundwater is economically utilized to benefit people living within or in the surrounding areas of the identified potential sites.
